Abstract. The charge-flipping structure-solution algorithm introduced by Oszlányi and Sütő in 2004 has been adapted to accommodate powder diffraction data. In particular, a routine for repartitioning the intensities of overlapping reflections has been implemented within the iterative procedure. This is done by modifiying the electron density map with a histogram-matching algorithm, and then using the Fourier coefficients obtained from this map to repartition the structure factor amplitudes within each overlap group. The effectiveness of the algorithm has been demonstrated with five test examples covering different classes of materials of varying complexity ]), cimetidine (C 10
Introduction
In the last 10-15 years, structure determination from powder diffraction data has matured from a crystallographic challenge to an almost routine crystallographic procedure. This is the result of methodology development on several different fronts (David et al., 2002; . Algorithms that incorporate chemical information into the structure determination process (e.g. connectivity for an organic molecule, coordination polyhedra for inorganic structures, 3-dimensional 4-connected frameworks for zeolites) have proven to be particularly powerful. Many structures that previously would have been considered beyond reach, can now be solved even by non-specialists. However, the structures of some polycrystalline materials remain inaccessible to these methods for one reason or another. This may be because the chemical information available is insufficient, the degree of reflection overlap too high, the quality of the data (unavoidably) low, the symmetry unclear, or the structure simply too complex. For these materials, further methodological innovation is needed.
A possible avenue of approach was opened recently by Sütő (2004, 2005) , when they introduced a method of ab initio structure solution for single-crystal data that they dubbed charge flipping. The procedure, which requires neither chemical composition nor symmetry information, was found to work best with atomic-resolution data (d min $ 0.8 A) and for structures with large regions of low electron density. Palatinus (2004) generalized the algorithm to include superspace, and this modification allowed incommensurately modulated structures to be reconstructed directly from experimental data --something that is not possible with more conventional crystallographic methods. It was reasoned that if this algorithm could be further adapted to accommodate the problems inherent to powder diffraction data, a novel approach that is not dependent upon the use of chemical information or symmetry could be developed.
The charge-flipping algorithm itself is a deceptively simple one (see shaded area of Fig. 1) , and requires only a set of high-resolution structure factor amplitudes jF h j and the unit cell dimensions. No symmetry beyond the unit cell translations is assumed. First, random phases are assigned to jF h j (expanded to P1) and a discrete electron density (ED) map q is generated by Fourier transform of these structure factors. Then q is modified by reversing (flipping) the sign of the density of all pixels with densi-ties below a given (small) threshold value (d). The major effect is that all negative electron densities are made positive. Then a Fourier transform of this perturbed ED map q 0 is performed and a new set of modified structure factors G h is calculated. The phases of G h are then combined with the experimentally determined amplitudes jF h j for the next cycle of iteration. The loop is repeated until convergence or a prescribed number of cycles has been reached. The procedure is monitored via an R-value that compares jF h j with jG h j. The onset of convergence is generally accompanied by a sharp drop in this R-value.
To accommodate powder diffraction data, the algorithm would have to address the problem of overlapping reflections and be robust towards data of lower resolution (higher d min ). An obvious approach to dealing with overlapping reflections would be to start by equipartitioning their intensities and then use the ratios of jG h j to repartition them. Indeed, in an independent study, Wu and coworkers (2006) reported doing exactly this. The problem with this approach is that even the perturbed ED maps reflect, to a certain extent, the experimental amplitudes used as input (i.e. the equipartitioned intensities). In order to avoid this vicious circle, an independent path for the repartitioning step was sought.
It was noted during the initial testing of the program that correct and incorrect solutions could often be distinguished by the shape of the histogram of the ED map (Fig. 2) . This prompted the thought that histogram matching, which was originally proposed for phase refinement and extension in protein crystallography (Zhang and Main, 1990) , might be an effective approach to the problem of repartitioning, providing that the histograms of electron density maps within a class of materials proved to have similar features. Overlapping reflections could then be repartitioned periodically on the basis of the ratios of structure factor amplitudes obtained after a histogram-matching (HM) modification of the electron density map. In this way, the repartitioning would be less dependent upon the initial jF h j.
Such an algorithm was incorporated into the computer program Superflip (L. Palatinus and G. Chapuis, 2006) . Initially, some zeolite structures, which have (1) large regions of low electron density, (2) relatively complex structures, and (3) tend to crystallize in polycrystalline form, were used to test the algorithm. These results were so encouraging, that the Superflip program was then also applied to other classes of materials.
Accommodating powder diffraction data
The input to the charge flipping algorithm adapted for powder diffraction data (powder charge flipping or pCF) is a list of reflection indices and intensities, similar to that used for the standard charge flipping algorithm for single crystal data. In addition, each reflection that is a part of a group of overlapping reflections is flagged with the number of the overlap group. The intensities of the reflections within one overlap group can be set to be equal (equipartitioned) or can be estimated by a more elaborate techni- que such as Fast Iterative Patterson Squaring (FIPS, Estermann and Gramlich, 1993) . It is also possible to use intensities gleaned from more sophisticated data collections that exploit texture or anisotropic thermal expansion (Wright, 2004) to get better estimates of the overlapping intensities. Then only those overlapping reflections whose intensities are not resolved are flagged.
The algorithm starts in exactly the same way as in the single crystal analog with several cycles of iteration according to the shaded part of Fig. 1 . After a certain number of cycles (n), defined by the user, a histogram-matching loop, which leads to a repartitioning of the reflection intensities within each overlap group, is entered (Fig. 1, right ). These repartitioned intensities are then used in the next cycle of iteration. The whole supercycle, consisting of several cycles of normal iteration followed by histogram matching, is repeated until either the convergence criteria are met or a prescribed number of iteration cycles is reached.
The histogram-matching/repartitioning procedure is performed at the very end of the iteration cycle, after the phases of the temporary structure factors G h have been combined with the experimental amplitudes. First, a histogram H cur of the current electron density is calculated by (1) sorting the list of density values in ascending order, (2) indexing them from 0 to N pix À 1 (N pix is the number of density pixels), (3) 
and
Using these factors, each pixel q k of the current density is modified to a new value q
where i is selected so that t
. This operation produces a new density q HM whose histogram matches the reference histogram.
A Fourier transform of q HM produces a set of modified structure factors F HM h . These structure factors have amplitudes and phases that differ from the structure factors F h corresponding to the non-modified density q. Thus, the amplitudes of the structure factors in the overlap groups can be repartitioned according to the amplitudes of F HM h . As a helpful side effect, the phases of F h can also be updated. A structure factor F h that is a member of the overlap group G k is replaced by F new h according to:
The summations in the nominator and denominator under the square root run over all members of the overlap group G k . If the intensity of an individual reflection is known, the above expression reduces to
That is, the phase of F HM h is combined with the experimental amplitude of F h . After this procedure, the sum of the amplitudes in the overlap group corresponds to the experimental observation, but the individual amplitudes within the overlap groups are modified. The structure factors F new h are used as input to the next iteration cycle. The reference histogram supplied by the user must be based on an electron density map that has the same d min resolution as the data used. Luckily, the histograms of crystal structures of related composition are very similar and therefore the reference histogram can be constructed without any prior knowledge of the structure apart from its approximate chemical composition. Usually, a related structure that can serve as a source for the reference histogram is already known (e.g. a structure of another polymorph or a monomeric structure of a polymer). The reference histogram essentially describes the electron density distribution that can be expected given the chemical composition of the material, but does not specify where this electron density is in the unit cell.
Application of the pCF algorithm
The pCF algorithm was applied to data from several different types of materials as it was being developed. First, simulated data were used to establish the feasibility and the limits of the method. Then real data from four different materials of known structure were tested. After an attempt to determine the structure of a material of unknown structure was also successful, a test with an even more complex structure was performed. Unless otherwise stated, reflection intensities were extracted using the program EXTRACT (Baerlocher, 1990) in the XRS-82 suite of programs (Baerlocher, 1982) . A summary of the characteristics of these six datasets is given in Table 1 , and each one is discussed individually in the following sections.
ZSM-5 ([Si 96 O 192 ])
The inital testing of pCF was perfomed using single crystal data simulated for the relatively complex zeolite ZSM-5 (van Koningsveld et al., 1987; Pnma; a ¼ 20.022 A, b ¼ 19.899 A, c ¼ 13.383 A, 38 atoms in the asymmetric unit, 288 atoms in the unit cell).
First, the resolution required was evaluated. These tests indicated that the structure could still be solved with d min ¼ 1.1 A, but with higher values (lower 2q max ), the solution became less obvious. Powder diffraction data often deteriorate to noise level at higher angles, so it was important from a practical point of view to establish that a resolution of d min ¼ 0.8 A was not absolutely necessary for the algorithm to work.
Then, powder diffraction data with increasing peakwidths (FWHM) were simulated using a resolution corre-sponding to d min ¼ 1.1 A. For these tests, reflections within 0.3 * FWHM of one another were considered to overlap. The intensities of all reflections within an overlap group were summed and then equipartitioned intensities were assigned to the contributing reflections. As might be expected, structure solution was less successful as the degree of overlap (and thereby the percentage of incorrect jF h j) increased. The Fast Iterative Patterson Squaring (FIPS) algorithm (Estermann and Gramlich, 1993) for repartitioning overlapping reflections was then applied to the datasets, and a distinct improvement in the success rate could be observed.
Finally, ED histograms were generated for several known zeolite structures (Fig. 3) . These proved to be similar enough to allow a "standard" zeolite ED histogram to be generated and to be used as input for the histogrammatching step in the pCF algorithm. Periodic repartitioning using histogram matching was found to enhance the success rate considerably. In particular, the R-values became better indicators of a correct solution, and this meant that convergence was attained with fewer cycles.
Real powder diffraction data collected on a sample of ZSM-5 using synchrotron radiation were then used to test the effect of the different modifications. These data, though not of a particular high quality (FWHM from 0.05 to 0.10 2q, d min ¼ 0.985 A), were more typical than the simulated data used initially, and were sufficient to discriminate between the different options and to show their effects. The following tests were performed:
(1) equipartitioned intensities with no HM repartitioning (Fig 4a) , (2) FIPS repartitioned intensities with no HM repartitioning (Fig 4b) , and (3) equipartitioned intensities with HM repartitioning (Fig. 4c) Each test was repeated 50 times and only the ED map with the best R-value is shown in Fig. 4 . The result is unambiguous: repartitioning is essential for the solution of a structure as complex as ZSM-5. Whereas it would be impossible to extract the structure from the ED map in Fig. 4a , it might be possible (but not easy) from that in Fig. 4b . Using FIPS for the initial estimate of jF h j clearly improves the map, but even so, not all of the Si positions are evident. The map in Fig. 4c , on the other hand, shows all of the Si-atoms in the structure and most of the O-atoms. It would be easy to complete the model using standard Fourier methods. A further improvement was obtained by averaging the five best maps obtained using the histogram-matching repartitioning procedure (Fig. 4d) . In this case, not only are most of the atoms visible, but their electron density ratios better reflect the different sizes of Si and O, making (automatic) interpretation easier.
The histogram matching used in the repartitioning step is a second density modification procedure that pushes the density towards a more correct solution. Tests on ZSM-5 showed that the effect of this modification (before repartitioning) is to make the electron density peaks more spherical and thereby more realistic. As a result, the intensity repartitioning based on this modified electron density map is also more realistic. Table 1 . Characteristics of the datasets used. Fig. 3 . Electron density histograms for three different zeolite structures. Cimetidine (4 Â C 10 H 16 N 6 S)
The structure of cimetidine (Cernik et al., 1991 ; P2 1 /c; a ¼ 6.825 A, b ¼ 18.819 A, c ¼ 10.394 A, b ¼ 106.4 ; 17 non-H atoms in the asymmetric unit and 68 in the unit cell) has become an unofficial benchmark in powder diffraction structure solution circles, so it was also used to test pCF. Intensities were extracted from the standard synchrotron powder diffraction dataset (SRS, Daresbury, UK, l ¼ 1.52904 A) and used as input directly. Since the number of overlapping reflections is relatively small, the structure could be solved even without repartitioning the overlapping reflections. Repartitioning using histogram matching yielded somewhat better resolved ED maps and a slight improvement in the success rate.
To test the efficacy of the charge-flipping algorithm on an organic material with no heavy atoms and a reasonable complexity, it was applied to synchrotron data (SLS, PSI, Villigen, Switzerland, l ¼ 0.92500 A) collected on a polysa-
; 27 non-H atoms in asymmetric unit and 108 in the unit cell). The structure had been solved previously using the simulated annealing algorithm within FOX (Favre-Nicolin and Cerny, 2002), but that was not a trivial undertaking, because three independent salicyclic acid monomers were required as input. It was of interest to see if charge flipping would offer a less complicated approach to the problem.
Although the structure has 27 non-H atoms in the asymmetric unit, it could be solved from equipartitioned data. However, the program did not detect the solution automatically since the drop in R-value was too small. Again several jobs were run, and in the ED maps from runs with the lowest R-value, all atoms were well re- The structure of the zirconium phosphate ZrPOF-pyr (Dong et al., 2006, Pnnm, a ¼ 19.168 A, b ¼ 15.145 A, c ¼ 6.621 A; 29 non-H atoms in the asymmetric unit and 126 in the unit cell) had been solved by direct methods using the program EXPO (Altomare et al., 1999) from synchrotron data (SNBL, ESRF, Grenoble, l ¼ 0.80062 A), but some disorder in one of the phosphate groups was apparent. Attempts to refine an ordered structure in lower space groups had not improved the fit, so it was of interest to see if the charge flipping approach would reveal a different symmetry.
It did not. The algorithm successfully converged in 120-130 cycles with 100% success rate. Each run required ca. 15 s computing time. Both orientations of the disordered P--OH group were apparent in the unsymmetrized solutions (Fig. 6 ). This is a further indication that the disorder is inherent to the material, and not simply an artifact of an incorrectly assumed symmetry. A subsequent search of the literature showed that a single-crystal analysis of the structure of a closely related material had also shown this P--OH group to be disordered (Wloka et al., 2000) .
Finally, the pCF algorithm was applied to a set of reflection intensities derived from multiple datasets collected on a textured sample (SLS, PSI, Villigen, Switzerland, l ¼ 0.9250 A) of the layer silicate E-401 (Massüger et al., Charge flipping for powder diffraction data 51 Fig. 5 . Electron density map resulting from pCF with histogram matching applied to an organic with no heavy atoms. A stick model of the asymmetric unit of the polysalicylide structure has been superimposed. Fig. 6 . Electron density map resulting from pCF applied to an inorganic material. A stick model of the refined structure has been superimposed. The disorder of the P--OH group in the refined structure of this zirconium phosphate phase (circled) is also apparent in the electron density map.
2006, orthorhombic I, a ¼ 27.907 A, b ¼ 11.524 A, c ¼ 8.413 A; 23 non-H atoms in the asymmetric unit and 140 in the unit cell). The data collection and intensity extraction used in this case were specifically designed to allow the relative intensities of at least some of the reflections overlapping in 2q to be determined experimentally, so that the degree of intensity ambiguity could be reduced . However, the space group was not clear. Imma appeared to be the most suitable assumption, but there were small indications that the body-centering might be violated. Consequently, when direct methods gave no solution in Imma, all primitive orthorhombic subgroups of Imma were also tried, but without success.
The initial data, generated assuming the space group Imma, were expanded to I1 by the program Superflip. The ED histogram for zeolites was used for the histogrammatching repartitioning routine. Application of charge flipping with histogram matching (for overlapping reflections that were not resolved by the texture method) revealed not only the structure, but also the reason for the difficulties encountered with direct methods. The symmetry of the map turned out to be the non-centrosymmetric space group I2mb, which had not been tried with direct methods. Of the 23 non-H atoms in the asymmetric unit, 21 (including water molecule positions) could be resolved in the pCF electron density map (Fig. 7) . Subsequent difference Fourier analysis revealed the positions of the last two C atoms, and then Rietveld refinement using data collected on an untextured sample (SNBL, ESRF, Grenoble, l ¼ 0.50067 A) converged satisfactorily. This case underlines the advantage of having a symmetry-independent method of structure solution.
4 MPNO 4-methylpyridine-N-oxide (32 Â C 6 H 7 NO)
Encouraged by these results, the structure solution of the low-temperature (25 K) modification of 4-methylpyridine-N-oxide (4MPNO) was attempted. This structure had previously been solved by Damay et al. (2006) using the simulated annealing algorithm implemented in FullProf (Rodriguez-Carvajal, 1993) . It crystallizes in the space group P4 1 (a ¼ 15.454 A, c ¼ 16.695 A) and has eight 4MPNO molecules (i.e. 64 non-H atoms) in the asymmetric unit (256 in the unit cell). To solve this complex structure, Damay and co-workers used the 250 K structure (I4 1 /amd, a ¼ 7.941 A, c ¼ 19.600 A) as a starting point. To avoid unlikely molecular movements during the structure solution, they restricted the center-of-mass of the rigid molecule to a 1 A 3 box and limited the tilt angle of the long axis of the molecule.
In the structure solution using the pCF procedure, no assumptions regarding the positions and orientations, or even the form of the molecules were made. The 250 K structure was used to calculate the ED histogram. Intensities were extracted to d min ¼ 1.038 A in the space group P4 1 from synchrotron data kindly provided by J. Rodriguez-Carvajal, and overlapping peaks within 0.25 * FWHM were equipartitioned. This gave 2282 reflections, of which only 214 were non-overlapping. Most of the overlap resulted from the exact overlap in the Laue class 4/m (i.e. hkl and khl reflections). Despite the strong overlap, the program generally converged after about 200 cycles. A total of 100 runs were made, and of the 10 best runs (according to the R-values), four had a 4 1 axis and six a 4 3 axis (i.e. the enantiomer).
The four maps with a 4 1 axis were averaged to yield the map shown in Figs. 8a and 8b. In both figures, the structure reported by Damay et al. is included as stick drawing. The agreement between the refined structure and the pCF ED map is remarkable. All 64 non-H atoms were found, the tilts and rotations of the molecules are reproduced, and even the orientations of the molecules along the c-axis (i.e. difference between C--CH 3 and N--O) can be discerned. Certainly, part of the reason for the clear result lies in the high resolution of the data, both in d min and in FWHM (0.012 to 0.028 2q). The fact that only this structure was found in the solution process and no assumptions about the arrangements of the molecules were made is a strong indication that the model proposed by Damay et al. is indeed correct. 
Conclusions
The charge-flipping structure solution algorithm pCF has proven to be an impressively fast and effective one for powder diffraction data. By including a periodic repartitioning of the intensities of overlapping reflections within the iterative procedure, a significant improvement in the success rate could be attained. The histogram-matching technique used for the repartitioning step allows a second density modification scheme to be introduced, and a side effect of this modification seems to be the creation of more spherical peaks in the electron density map. Since the algorithm works in P1, the total number of atoms per unit cell is probably more relevant than the number per asymmetric unit. From the limited experience accumulated so far, it appears that structures with 200 to 300 atoms in the unit cell can be solved in a relatively straightforward manner, provided that the data are of reasonably high resolution in both d min and FWHM.
The problem of overlapping reflections also arises in single crystal diffraction if the crystal is twinned by merohedry or pseudomerohedry. The testing of the applicability of the pCF algorithm to this type of reflection overlap is in progress. In view of the success of the method with 4 MPNO, which has systematic overlap analogous to that of a merohedral twin, it is anticipated that the method will also be successful for such twinned crystals.
The four main advantages of charge flipping are that (1) all calculations are performed in P1, so space group ambiguities, which are common with powder diffraction data, are irrelevant, (2) no chemical information such as bond distances, bond angles, or connectivity are required, so there is no danger of making incorrect assumptions about the structure, (3) it is equally effective for both organic and inorganic structures, and (4) it is fast, requiring only seconds to minutes per run. The algorithm is quite robust with respect to random errors in the intensities, so simple structures can be solved from equipartitioned intensities even without the histogram-matching/repartitioning procedure. However, for more complex structures, the repartitioning step is necessary. The successful solution of the 64-non-H-atom structure of 4 MPNO demonstrates the power of this combination.
Further improvements to the program that will allow even more complex structures to be tackled are currently in progress. The algorithm has been implemented in the program Superflip, which is freely available at http:// superspace.epfl.ch/superflip.
